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Metatranscriptomic Analysis of Microbes in an Oceanfront
Deep-Subsurface Hot Spring Reveals Novel Small RNAs and
Type-Specific tRNA Degradation
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Studies of small noncoding RNAs (sRNAs) have been conducted predominantly using culturable organisms, and the acquisition
of further information about sRNAs from global environments containing uncultured organisms now is very important. In this
study, hot spring water (57°C, pH 8.1) was collected directly from the underground environment at depths of 250 to 1,000 m in
Yunohama, Japan, and small RNA sequences obtained from the environment were analyzed. A phylogenetic analysis of both ar-
chaeal and bacterial 16S rRNA gene sequences was conducted, and the results suggested the presence of unique species in the
environment, corresponding to the Archaeal Richmond Mine Acidophilic Nanoorganisms (ARMAN) group and three new Beta-
proteobacteria. A metatranscriptomic analysis identified 64,194 (20,057 nonredundant) cDNA sequences. Of these cDNAs, 90%
were either tRNAs, tRNA fragments, rRNAs, or rRNA fragments, whereas 2,181 reads (10%) were classified as previously unchar-
acterized putative candidate SRNAs. Among these, 15 were particularly abundant, 14 of which showed no sequence similarity to
any known noncoding RNA, and at least six of which form very stable RNA secondary structures. The analysis of a large number
of tRNA fragments suggested that unique relationships exist between the anticodons of the tRNAs and the sites of tRNA degra-
dation. Previous bacterial tRNA degradation studies have been limited to specific organisms, such as Escherichia coli and Strep-

tomyces coelicolor, and the current results suggest that specific tRNA decay occurs more frequently than previously expected.

mall noncoding RNAs (sRNAs) are known to be one of the

major players in the regulation of gene expression in the Pro-
karyota in both Bacteria and Archaea (20, 25, 55). A number of
sRNA studies, particularly of Bacteria, have been undertaken in
the last decade (1, 20). For example, about 80 sSRNAs from Esche-
richia coli have been registered in RegulonDB (17), and these have
been identified with several methods: high-throughput computa-
tional searches (2, 10, 47, 69), shotgun cloning (29, 60), and tiling
array analyses (58, 70). In recent years, a new powerful method,
next-generation sequencing technology, has been used to discover
new sRNAs in the Bacteria, and the results have shown that hun-
dreds of still-undiscovered sRNA genes might exist in the E. coli
genome (45, 51). Ithas been reported that the majority of bacterial
sRNAs are regulators of gene expression in response to environ-
mental stresses (38) and typically are involved in the modulation
of translation efficiency and the stability of mRNA molecules (1).

Interestingly, many tRNA fragments are observed in the small
RNA fraction prepared from E. coli. (29, 51). The developmentally
regulated cleavage of tRNAs also has been observed in the bacte-
rium Streptomyces coelicolor (22). Plasmid-encoded enzymes, the
colicins, are involved in the cleavage of the anticodons of specific
tRNAs in E. coli (36, 43), resulting in the production of tRNA
fragments. Similarly, it is reported that tRNA cleavage is a re-
sponse to stresses in the Eukaryota (15, 56), and cancer- or age-
associated changes in fragmented tRNAs have been observed (27,
32). Recently, rRNA fragmentation has become another topic of
interest (16, 39), although the functions of fragmented rRNAs
remain unclear. Papers that report unique RNA regulatory se-
quences, called riboswitches, in prokaryotic cells also are accumu-
lating (49). These regulatory RNA sequences are predominantly
located in the 5’ untranslated regions of some mRNAs and control
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target translation (49). Taken together, these findings confirm
that sSRNAs are important regulators in the Prokaryota.
However, previous sRNA studies usually were conducted in
model organisms, so the knowledge of environmental sSRNAs de-
rived from uncultured microbes still is sparse. Metagenomics is a
powerful technique with which to establish the population dy-
namics and phylogenies of uncultured microbes to overcome this
problem. Previous metagenomic research has revealed the diver-
sity of microbial species and their genomic sequences in various
environments, including the ocean (59), hot springs (6, 23, 24,
30), hydrothermal vents (68), gold mines (41, 42), human skin
(21), the human gut (3), and so on. However, the metagenomic
approach does not identify the kinds of genes that are actually
expressed in certain environments, which reflect the major func-
tional activities and adaptations of the microorganisms that ex-
press them. Therefore, the metatranscriptomic approach has
become increasingly important in defining these overall environ-
mental gene expression profiles (7, 50, 61) and in identifying both
the precursor and processing status of such transcripts. Therefore,
a combination of metagenomic and metatranscriptomic ap-
proaches should allow an overview to be established of the diver-
sity of microbial communities and the dynamics of their gene
expression. Like other sSRNA studies, recent reports have revealed
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the presence of large structured noncoding RNAs (64) and depth-
specific novel sSRNAs in the ocean (50), suggesting that these sR-
NAs play important roles in the adaptations required to live in this
environment.

In the current study, we used both metagenomic and meta-
transcriptomic approaches to collect more information about
sRNAs from microorganisms in hot spring water, which have
minimal exposure to the external environment. The unique ar-
chaeal and bacterial species and novel candidate sSRNAs found in
the environment, including huge amounts of tRNA fragments, are
discussed.

MATERIALS AND METHODS

Sample collection and DNA/RNA extraction. The sample was obtained
from the Yunohama hot spring (Tsuruoka, Yamagata, Japan;
38°78'04.57"N, 139°75'21.18"E), which has a temperature of 57°C and a
pH of 8.1, on 4 August 2009. Unfiltered Yunohama hot spring water (20
liters) was bottled from a tank into which the hot water had been pumped
(by eight pumps) from depths ranging from 250 to 1,000 m for mixing
and storage. For genomic DNA preparation, the sample water was con-
centrated by filtration using an UltraClean water DNA isolation kit (MO
BIO Laboratories, Carlsbad, CA) according to the manufacturer’s proto-
col. The genomic DNA (14.3 ng) then was extracted from 3.5 liters of the
sampled water using the same kit. For sSRNA preparation, 3 liters of the
sampled water was centrifuged (333 ml; 9 times) at 11,000 X g for 10 min
at 4°C. The pellet was stored at —80°C until analysis. The sSRNA was
prepared with the mirVana miRNA isolation kit (Life Technologies,
Carlsbad, CA). The stored pellet was initially resuspended in 1 ml of cold
phosphate-buffered saline, to which 600 ul of lysis/binding buffer
(mirVana miRNA isolation kit) was added. Finally, the sSRNA fraction
(approximately <200 bp in size; 650 ng) was isolated from 3 liters of the
sample water.

PCR amplification and determination of 16S rRNA gene sequences.
16S rRNA genes were amplified from the genomic DNA isolated from the
Yunohama sample using an archaeal primer set recently described by
Gantner etal. (18) (340F, 5'-CCCTAYGGGGYGCASCAG-3'; and 1000R,
5'-GGCCATGCACYWCYTCTC-3') and a commonly used bacterial uni-
versal primer set described by Wilms et al. (66) (341F, 5'-CCTACGGGA
GGCAGCAG-3';and 907R, 5'-CCGTCAATTCCTTTGAGTTT-3"). PCR
was performed with TaKaRa Ex Taqg DNA polymerase (Takara Bio Inc.,
Shiga, Japan). For the archaeal 16S rRNA sequences, amplification pro-
ceeded with one denaturation step at 98°C for 2 min, followed by 40 cycles
of 95°C for 30 s, 57°C for 30 s, and 72°C for 1 min 30 s, with a final
extension step at 72°C for 7 min. The bacterial 16S rRNA sequences were
amplified with one denaturation step at 95°C for 5 min, followed by 30
cycles at 95°C for 30 s, 50°C for 30 s, and 72°C for 2 min, with a final
extension step at 72°C for 2 min. To amplify as many unknown archaeal
species as possible, another set of primers (340F2, 5'-CCCTAYGGGGYG
CASCAGGC-3";and 932R, 5'-GCYCYCCCGCCAATTCMTTTA-3") was
designed for the archaeal 16S rRNA genes. The PCR amplification with
these primers proceeded with one denaturation step at 95°C for 2 min,
followed by 35 cycles of 95°C for 30 s, 50°C for 15 s, and 72°C for 1 min,
with a final extension step at 72°C for 2 min.

The amplified PCR products (see Fig. S1 in the supplemental material)
then were cloned into the pGEM-T Easy vector (Promega Corporation,
Madison, WI). The resulting plasmids were transformed into competent
Escherichia coli DH5a cells (Takara Bio Inc.). The colonies were
selected by blue-white screening on 5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside and isopropyl-B-p-thiogalactopyranoside plates. After
the preparation of the plasmid DNAs, their inserts were sequenced on
both the sense and antisense strands with an ABI PRISM 3100 DNA se-
quencer (Life Technologies) using either the T7 primer (5'-TAATACGA
CTCACTATAGGG-3") or the SP6 primer (5'-ATTTAGGTGACACTAT
AGAA-3").
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Construction of a cDNA library from the sRNA fraction and 454
pyrosequencing. The sRNAs initially were treated with tobacco acid
pyrophosphatase (Nippon Gene, Tokyo, Japan) and then used to con-
struct a cDNA library. The cDNA library was constructed with the small
RNA cloning kit (Takara Bio Inc.) with the following procedures: (i) 3’
adapters (5'-CATCGATCCTGCAGGCTAGAGAC-3') and 5’ adapters
(5'-AAAGATCCTGCAGGTGCGTCA-3") were ligated with T4 RNA li-
gase; (ii) the transcripts then were reverse transcribed to cDNAs with the
reverse transcription (RT) primer 5'-GTCTCTAGCCTGCAGGATCGA
TG-3', which is the antisense sequence of the 3’ adapter; (iii) the cDNAs
were amplified with the F primer (the same DNA sequence as that of the 5
adapter) and the RT primer for 15 cycles, followed by a second PCR for 18
cycles with the same primer set. The amplified cDNAs were separated on
a 10% polyacrylamide gel, and the fragments were cut from the gel. The
excised gel fragments were incubated at 37°C for 4 h in a buffer containing
0.5 M ammonium acetate and 1 mM EDTA. The eluted cDNAs were
purified by ethanol precipitation and dissolved in TE buffer. The final
preparation of the sample was confirmed by 10 to 20% polyacrylamide gel
electrophoresis (see Fig. S2 in the supplemental material), and the samples
were used for pyrosequencing with GS FLX (Roche Diagnostics, India-
napolis, IN).

Bioinformatic analysis. The following software and databases were
used for the analysis of the pyrosequencing data: tRNA sequences were
detected with tRNAscan-SE (34), and the microbial taxon corresponding
to each tRNA sequence was predicted based on the genomic tRNA data-
base, GtRNAdD (http://gtrnadb.ucsc.edu/) (9); 55 rRNA sequences were
detected with a BLAST search (ftp://ftp.ncbi.nih.gov/blast/executables/)
of the 55 rRNA database (52); fragment sequences for tRNA and 55 rRNA
were detected with a BLAST search of the mature tRNA and 5S rRNA
sequences detected in this study, respectively; 16S rRNA and 23S
rRNA partial sequences were detected with a BLAST search of the RDP
(http://rdp.cme.msu.edu/) (12) and the SILVA database (44); and other
noncoding RNAs were detected by comparison to the Rfam database
(http://rfam.sanger.ac.uk/) (19). We have summarized the numbers of
redundant/nonredundant reads and the proportions of different types of
sRNAs in Table 1. Sfold (http://sfold.wadsworth.org) (13, 14) was used to
predict RNA secondary structures and to calculate the free energies of the
candidate sSRNAs.

For the phylogenetic analysis, representative 16S rRNA gene se-
quences (either 13 archaeal or 15 bacterial sequences, respectively) ob-
tained from the Yunohama PCR clones were combined with known 16S
rRNA gene sequences registered in the RDP (either 305 archaeal or 316
bacterial sequences), and then each phylogenetic tree was constructed
using ClustalW 2.0 (31) with 100 bootstrap iterations. The tree was visu-
alized with iTOL (33).

Nucleotide sequence accession numbers. The pyrosequencing data
have been submitted to the DDBJ Sequence Read Archive (http://trace
.ddbj.nig.ac.jp/dra/index_e.shtml) under accession number DRA000364.
The 16S rRNA gene sequences determined in this study have been depos-
ited in the DDBJ database (http://getentry.ddbj.nig.ac.jp/) under acces-
sion numbers AB665420 to AB665440, AB679512 to AB679519, and
AB683043 (see Table S1 in the supplemental material). The small unique
RNAs from Yunohama (SURFYs) also were deposited in the DDBJ data-
base under accession numbers AB665588 to AB665602 (see Table S2).

RESULTS AND DISCUSSION

Diversity of archaeal and bacterial communities in the Yuno-
hama hot spring. To clarify the phylogeny of the microbes in the
deep subsurface water of the Yunohama hot spring, 16S rRNA
genes from both archaeal and bacterial species were amplified by
PCR using domain-specific primer sets. Recently, Gantner et al.
reported a new archaeal primer set (340F and 1000R) for 16S
rRNA genes (18). The authors validated these primers using three
diverse environmental samples. Therefore, in the current study,
this primer set was used to amplify the archaeal 16S rRNA gene
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TABLE 1 Numbers of sequences and the percentage of each type of
sRNA in the cDNA library”

Sequence type
Nonredundant Redundant
Small RNA type No. % No. %
tRNA“
Mature 8,069 40.2 43,092 67.1
Fragment 2,063 10.3 4,484 7.0
rRNA?
Mature 5S 532 2.7 2,036 3.2
5S fragment 320 1.6 673 1.0
16S fragment 3,499 17.4 5,640 8.8
23S fragment 3,348 16.7 5,133 8.0
Other noncoding RNA¢
SRP bact® 36 0.18 66 0.10
TPP/ 4 0.02 4 0.01
6S RNA 4 0.02 4 0.01
Alpha RBS¢ 1 0 2 0
Unclassified?
SURFY (=10 reads) 50 0.25 186 0.29
Others (<10 reads) 2,131 10.6 2,874 4.5

@ Total number of nonredundant sequences, 10,132 (50.5%). Total number of
redundant sequences, 47,576 (74.1%).

b Total number of nonredundant sequences, 7,699 (38.4%). Total number of redundant
sequences, 13,482 (21.0%).

¢ Total number of nonredundant sequences, 45 (0.22%). Total number of redundant
sequences, 76 (0.12%).

4 Total number of nonredundant sequences, 2,181 (10.9%). Total number of redundant
sequences, 3,060 (4.8%).

¢ Bacterial signal recognition particle RNA.

STPP riboswitch (THI element).

£ Alpha operon ribosome binding site.

" A total of 20,057 and 64,194 nonredundant and redundant sequences were analyzed,
respectively.

sequences from the genomic DNA prepared from the Yunohama
hot spring water. Two bands were amplified (approximately 680
and 820 nucleotides [nt] in size; see Fig. S1A in the supplemental
material). After the PCR products were subcloned, 87 clones were
randomly selected and their nucleotide sequences determined.
DNA sequencing and phylogenetic analysis (see Fig. S3 in the sup-
plemental material) of the archaeal 16S rRNA clones revealed that
the longer band (58/87 clones) corresponded to only one taxon,
the Archaeal Richmond Mine Acidophilic Nanoorganisms
(ARMAN) (5), whereas the shorter band (29/58 clones) corre-
sponded to the following three taxa: (i) Methanococcales, (ii) a
miscellaneous crenarchaeotic group (MCG) (41), and (iii) the
South African Gold Mine Crenarchaeotic Group (SAGMCG)
(54). Therefore, archaeal species belonging to ARMAN comprised
67% (58/87) of the archaeal clones derived from the Yunohama
hot spring (Fig. 1A). Previously, ARMAN have been found only in
acidic environments throughout the world (4), so the Yunohama
ARMAN could be the first example of ARMAN living in an alka-
line environment (pH 8.1).

Interestingly, intervening repeat sequences were present in two
distinct regions of the 16S rRNA gene sequences of the Yunohama
ARMAN (see Fig. S4A and S4B in the supplemental material),
whereas these repeat sequences were not observed in the 16S
rRNA gene sequence of the candidate Micrarchaeum acidiphilum

February 2012 Volume 78 Number 4

Small RNAs in Yunohama Hot Spring

(ARMAN-2) (4), which is the species phylogenetically closest to
the Yunohama ARMAN (see Fig. S3). Moreover, the Yunohama
ARMAN were classifiable into two groups based on the sequence
of the second repeat region (see Fig. S4B), either type A-110 (two
repeats) or type A-127 (one repeat), although the sequences of the
first repeat region (see Fig. S4A, one repeat) were identical in both
types. The nucleotide sequences of these repeats are quite con-
served (see Fig. S4C).

To amplify as many unknown archaeal species as possible, a
newly designed Archaea-specific primer set (340F2 and 932R) also
was used for the PCR cloning of 16S rRNA sequences from the
sample of Yunohama genomic DNA. The primer set was designed
to detect uncultured Archaea based on 307 recently available ar-
chaeal 16S rRNA gene sequences obtained from the RDP (August
2010). The PCR amplification of the 16S rRNA genes from the
Yunohama genomic DNA again produced two bands, approxi-
mately 700 and 1,200 nt in size (see Fig. S1B in the supplemental
material). In this case, most of the 700-nt band corresponded to
ARMAN, as described above (plus only a single clone of the same
size classified in the Marine Group [37]). However, the 1,200-nt
band (which included an approximately 680-nt insertion in the
rRNA sequence; clone A-9 in Table S1 in the supplemental mate-
rial) corresponded to the Hot Water Crenarchaeotic Group
(HWCG) I (41). Other smaller clones that did not correspond to
any major band also were isolated and belonged to the following
three taxa: the Ancient Archaeal Group (AAG) (53), the Forest
Soil Crenarchaeotic Group (FSCG) (26), and the Thermoplasma-
tales. These sequences were amplified only by the newly designed
primers, suggesting that the new primer set designed in this study
can capture additional diverse minor archaeal species.

A SAGMCG

MCG

Methanococcales

17
58
ARMAN
B Gamma-proteo Deinococcus/Thermus
Aquificae unknown

Delta-proteo

Bacteroidetes

Beta-proteo

FIG 1 Archaeal and bacterial species found in the Yunohama hot spring. The
pie charts represent the closest known taxa and their read numbers for (A) 87
archaeal 16S rRNA gene sequences and (B) 93 bacterial 16S rRNA gene se-
quences. These taxa were estimated based on the phylogenetic analysis shown
in Fig. $3 and S5 in the supplemental material.
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Among the clones isolated using the originally designed prim-
ers, AAG is an interesting taxon, rooted at the deepest position on
the archaeal tree, and is found only in deep-sea hydrothermal vent
environments (53). Therefore, the discovery of archaeal species
related to ARMAN and AAG extends the knowledge of the envi-
ronments inhabitable by these taxa. Because Yunohama is located
on the ocean front, the detection of AAG, the Marine Group, and
Thaumarchaeota members (originally found in oceanic environ-
ments) is consistent with its geographic location. HWCG 1, also
known as Caldiarchaeum subterraneum (42), has been isolated
from subsurface water in the Hishikari gold mine (Kagoshima,
Japan), where the pH (6.19 to 6.80) and temperature conditions
(71.5 to 85.0°C) differ from those at Yunohama. Therefore, the
archaeal species with rRNA sequences highly similar to those of
HWCG I are geographically interesting. Gantner’s new archaeal
primer set also identified clones corresponding to MCG and
SAGMCG, which also were observed at the Hishikari gold mine
(41), suggesting that these three taxa are common archaeal groups
in subsurface environments in Japan.

The bacterial species in this environment were analyzed using a
Bacteria-specific universal primer set (66) to amplify their 16S
rRNA gene sequences. In total, 93 sequences derived from a single
PCR band (approximately 600 nt in size; see Fig. S1C in the sup-
plemental material) were identified. These were further classified
into 15 nonredundant sequences and mapped to the bacterial
phylogenetic tree (see Fig. S5). A BLAST search showed that (i)
one sequence (B-71) was 100% identical to the 16S rRNA gene
sequence of an uncultured bacterium; (ii) one sequence (B-91)
was similar (83% sequence similarity) to the 16S rRNA gene se-
quence of an uncultured bacterium obtained from deep ground-
water in a uranium mine in Japan (40); and (iii) the remaining 13
sequences showed 91 to 100% sequence similarity to 16S rRNA
gene sequences from uncultured bacteria registered in the Na-
tional Center for Biotechnology Information (NCBI) database.
All of these sequences belong to one of the following six taxa:
Betaproteobacteria, Bacteroidetes, Aquificae, Deinococcus/ Thermus,
Deltaproteobacteria, and Gammaproteobacteria. B-91 remains un-
classified, branching outside the domain Bacteria but lacking sim-
ilarity to the Archaea (Fig. 1B). Three species belonging to the
phylum Betaproteobacteria comprised approximately 81% (75/
93) of the bacterial clones derived from the Yunohama hot spring
environment, and of these, B-35 was rooted at the deepest posi-
tion in the currently known betaproteobacterial clade (see Fig. S5
in the supplemental material).

Metatranscriptomic analysis of candidate sRNAs from the
Yunohama hot spring. To understand the sSRNA population in
the Yunohama hot spring and its sequence characteristics, a meta-
transcriptomic analysis of the SRNA fraction (<200 bp) was con-
ducted using next-generation sequencing technology. Although
the sSRNA fraction was obtained directly from hot water at 57°C,
the extracted sSRNA fraction was not degraded and showed a dis-
tinct band of approximately 75 nt after electrophoresis on a 6%
polyacrylamide gel containing 8 M urea, which is approximately
the size of full-length tRNA (data not shown). After the 5" and 3’
RNA tag sequences were added to the sRNAs for PCR amplifica-
tion (cDNA library construction), a similar band pattern, includ-
ing a major band of approximately 120 nt (because of the addition
of the tag sequence), was obtained with 10 to 20% polyacrylamide
gel electrophoresis (see Fig. S2 in the supplemental material).
Pyrosequencing the library then produced 86,236 sequence reads.
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Total reads
(86,236)

Reliable
sequences

(22,042)
Yes (64,194)

Combining
redundant sequences
(20,057)

Yes (8,046)

Mature
tRNA < ~
(8,069) (23)
— —
No (12,011)
Yes (487) =
ature (45)
S s | y
L (532)
-
No (11,524) 5S rRNA (10)
Yes (310) fragment
BLAST for (—tRNA (320)
maturetRNA or fr . B (10)
5S rRNA '3
Yes (2,053) (2,063) )
No (9,161) 23S rRNA
fragment
i
BLAST for (165 rRNA ()
RDP or SILVA fragment
o ERE
No (2,314) (88) )
Sequence search Other non-
of Rfam coding RNAs
(45)
—

Unclassified

FIG 2 Computational scheme for the extraction of known and novel noncod-
ing candidate RNAs. The whole scheme of the computational analysis used in
this study is illustrated as a flowchart. The numbers indicate the read numbers
at each step. Initially, a data set containing 20,057 nonredundant reads was
constructed from a total of 86,236 reads (raw data). These were classified in a
stepwise manner as mature tRNA or rRNA (5S rRNA), fragmented tRNA or
rRNA (55, 16S, or 23S rRNAs), or noncoding RNA. The software
tRNAscan-SE and BLAST (provided by NCBI) and the databases Ribosomal
Database Project (RDP), SILVA, and Rfam were used in our analysis.

To characterize these reads, a nonredundant data set was pre-
pared by extracting the reliable reads and combining the redun-
dant reads to yield 20,057 nonredundant reads, ranging in length
from 11 to 197 nt (average length, 62 nt; Fig. 2). Known noncod-
ing RNAs were extracted with a series of filtering approaches based
on homology searches and prediction software (Fig. 2). Of the
final reads, 17,831 (88.9%) were either tRNAs, fragmented tRNAs,
rRNAs, or fragmented rRNAs. Only 45 reads (0.2%) had certain
sequence similarities to the following noncoding RNAs: bacterial
signal recognition particle RNA (46), 6S RNA (63), and two
known RNA elements, the thiamine pyrophosphate (TPP) ribo-
switch (67) and the alpha operon ribosome-binding site (48). A
recent metatranscriptomic analysis revealed unique microbial
sRNAs in the ocean water from the HOT Station ALOHA site in
Hawaii (50). Interestingly, the authors identified some candidate
sRNAs similar to those identified in the current study, such as
signal recognition particle RNA and 6S RNA. Comparative
genomics also revealed 104 structured RNAs, including candidate
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SURFY-08 SURFY-12

SURFY-02

A

{
5 5
-327

-50.2

-33.5
Read number 17 12 10 10

AG (kcal/mol) -35.9

FIG 3 Four examples of abundant candidate sRNAs. The nucleotide se-
quences, predicted secondary structures, and free energies are shown. The
secondary structures and free energies (AG) were calculated with Sfold. De-
tailed information about all candidate RNAs is given in Table S2 in the sup-
plemental material.

riboswitches, of the Bacteria and Archaea (65). On the contrary,
no archaeal-specific transcripts were isolated from the Yunohama
hot spring sample. Furthermore, as suggested by the tRNA se-
quence analysis described below, almost all of the reads are ex-
pected to have been derived from the Bacteria. The numbers of
these noncoding RNAs are summarized in Table 1.

The remaining 2,181 reads (10.9%) were categorized as unclas-
sified. These unclassified RNAs may include novel classes of
sRNAs. To extract reliable candidate sSRNAs, the extremely closely
related sequences (with more than 95% sequence similarity) were
combined, which further narrowed the sequence set to 1,972
reads, ranging in length from 11 to 176 nt (average length, 55 nt).
A BLASTn analysis against the NCBI nucleotide collection (nr/nt)
was conducted, which identified 354 reads (18%) with a certain
degree of sequence similarity (with E values ranging from 2e—4 to
le—41) to known nucleotide sequences. Of these 354 reads, 266
(75%) were similar to known genomic sequences (mostly bacte-
rial), whereas 88 (25%) showed similarity to environmental DNA
sequences. In particular, 71 reads had a degree of sequence simi-
larity to the following known genes: 5S rRNAs, 23S rRNAs, and
protein-coding genes. Although rRNAs were identified in the pre-
vious steps (Fig. 2), a few sequences still were retained in the un-
classified data set because the numbers and kinds of environmen-
tal 5S and 23S rRNA gene sequences were incomplete in the
databases.

The abundances of the unclassified RNAs showed that 1,574
reads (79.8%) were detected only once, whereas 398 reads (20.2%)
were found more than twice (maximum of 19 reads). The 15 un-
classified RNAs that appeared 10 or more times then were further
characterized as candidate sRNAs, because they were relatively
highly abundant in the environment (see Table S2 in the supple-
mental material). These 15 sequences were designated small
unique RNAs from Yunohama (SURFYs). Fourteen of the
SURFYs had no sequence similarity to any known nucleotide se-
quence, whereas SURFY03 shared some degree of similarity (91%
identity in 57 nt) to the gene encoding a prokaryotic elongation
factor (EF-Tu) in the nitric bacterium Nitrosococcus halophilus.
The secondary structures of these candidate sRNAs were pre-
dicted with Sfold, and the free energies of the SURFYs (mean, —20
kcal/mol) were calculated (see Table S2). The sequence lengths
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Number
of reads

42,294 Total

= B-Proteobacteria
u y-Proteobacteria
9,578 Met
5,980
5,100 Val
5,019 Ala
4,002 GiIn
2,441 Arg
1,446
1,389 lle
1,373  Ser
1,357 Pro
1,343 Lys
914 Gly
882 Thr
701 Leu
518 Glu
151 Trp
35 Phe
29 His

18  Tyr

16 Cys

a-Proteobacteria
Firmicutes

= d-Proteobacteria
Other

0 20 40 60 80

100 (%)

FIG 4 Numbers of environmental tRNAs and their corresponding taxa iden-
tified in this study. In total, 42,294 redundant tRNA sequences were classified
based on the amino acids transferred by them. Suppressor tRNAs and pseudo-
tRNAs (tRNAscan-SE could not identify their anticodons) are not included.
Colored bars indicate the percentage of each taxon identified with a BLAST
search of the genomic tRNA database. The five most abundant taxa are Beta-
proteobacteria  (blue), Gammaproteobacteria (red), Alphaproteobacteria
(green), Firmicutes (orange), and Deltaproteobacteria (magenta); other minor
taxa are colored gray.

(average, 60 nt) and GC contents (average, 58%) of the SURFYs
also were calculated and are shown in Table S2 in the supplemen-
tal material. Because the secondary structures of noncoding RNAs
are known to be important for their functions (62), the secondary
structures of the four SURFYs with the lowest free energies are
shown (Fig. 3). Their high copy numbers and stable RNA struc-
tures suggest that these SURFYs are stable in the Yunohama hot
spring, probably reflecting their roles in specific biological func-
tions. It has been reported recently that unique sRNAs exist in
some environmental samples (50, 65). Depth-dependent varia-
tions in putative SRNAs have been reported in a metatranscrip-
tomic analysis of an oceanic water sample, and the authors sug-
gested that these play roles in niche adaptation (50).
Environmental tRNAs and their fragments. Of the sRNAs
(redundant reads) isolated from the microbes in the Yunohama
hot spring, 74.1% were either mature tRNA sequences or were
their fragments (Table 1). In total, 8,069 tRNAs (43,092
redundant reads) were classified into 20 groups based on their
corresponding amino acids. Neither selenocystenyl-tRNA nor
pyrrolysyl-tRNA was detected in the SRNA library constructed
from the Yunohama microbes. The microbial taxa corresponding
to each tRNA group were predicted based on the genomic tRNA
database (GtRNAdb), and most tRNAs were shown to derive from
bacterial species (Fig. 4). This indicates that bacterial species are
more abundant and active than Archaea in the Yunohama hot
spring environment. Approximately 80% of the mature tRNAs
belonged to the Betaproteobacteria (Fig. 4), which is consistent
with the rRNA gene sequence analysis of the bacterial clade (Fig.
1B). However, four tRNA groups (Glu, Trp, His, and Tyr) corre-
sponded to the different microbial taxa, such as Gammaproteobac-
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teria or Alphaproteobacteria, but the reason for this remains un-
clear.

We also found 2,063 tRNA fragments (4,484 redundant reads)
with 100% nucleotide sequence identity to one (or more) of the
sequenced full-length tRNAs, suggesting that these fragments
were produced through either tRNA processing or the nonspecific
degradation of the tRNAs. There was no correlation between the
abundances of full-length tRNA reads and the abundances of their
corresponding tRNA fragment reads (see Fig. S6 in the supple-
mental material), which indicates that these fragments are not the
consequence of nonspecific degradation but are instead generated
by specific exonucleolytic/endonucleolytic degradation pathways.
To verify this hypothesis, the position of the tRNA cleavage site in
each of the 20 tRNA groups was analyzed, and the three most
frequently cleaved positions are represented in a piled bar graph
(Fig. 5). Because most of the tRNA fragments were very short and
parts of the tRNA sequence are common to all tRNAs, many tRNA
fragments could be mapped to several independent tRNAs. There-
fore, the number of truncated positions was normalized by divid-
ing the number of observed tRNA fragments by the number of
corresponding mature tRNAs. Previous studies of tRNA degrada-
tion usually are performed in E. coli and have demonstrated the
specific degradation of six types of tRNAs: Lys-tRNA is truncated
between nucleotides 33 and 34 (33/34) by PrrC; Tyr-tRNA, His-
tRNA, Asn-tRNA, and Asp-tRNA are truncated at 34/35 by colicin
E5; and Arg-tRNA is truncated at 38/39 by colicin D (36). The
current study has shown the truncation positions of all types of
tRNA. These truncation positions are located mainly in the anti-
codon loop and the D-loop, although tRNA cleavage also was
observed at several other positions, such as in the D-stem and
variable region. Figure 5 shows that the truncation positions of the
Lys-tRNAs in the Yunohama hot spring are concentrated in the
D-loop. Furthermore, the frequent truncation position at 15/16,
commonly seen in tRNA-Ile, tRNA-Lys, tRNA-Asp, tRNA-Asn,
and tRNA-Val in this sample, is a novel cleavage site for bacterial
tRNA degradation. Nucleotide positions 15 and 16 are known to
be exposed in the tertiary tRNA structure, so an as-yet-
uncharacterized RNase may have access to this site for its specific
cleavage. The most frequently cleaved sites for each tRNA antico-
don arelisted in Fig. S7 in the supplemental material. These results
suggest that there is a nucleotide preference for site-specific deg-
radation at the first base of the anticodon. Specifically, tRNAs that
are truncated at 34/35 have a purine nucleotide (A or G) as the first
base of their anticodons, whereas tRNAs that are cleaved at posi-
tions outside the anticodon region have a pyrimidine nucleotide
(C or U) as the first base of their anticodons (see Fig. S7). These

and the white boxes indicate the loop regions. The three most frequently
cleaved positions are shown for each tRNA that transfers a specific amino acid
(boxes containing letters): most frequent (magenta), second most frequent
(yellow), and third most frequent (green). For example, a magenta box with
“A” located between nt 34 and 35 means that tRNAs that transfer alanine were
most frequently cleaved between nt 34 and 35 in the anticodon loop. In the case
of asparagine tRNA, tryptophan tRNA, and phenylalanine tRNA, two posi-
tions were observed as the third most frequently cleaved sites, so two green
boxes occur at these positions. The variable stem/loop region is compressed
into one box, marked with a black circle, between nt 47 and 48, and the cleaved
positions observed in the variable region are mapped together on the black
circle. Because there were few fragments of tyrosine tRNA, the three positions
observed twice (most frequently) in the truncated fragments are mapped as
white boxes.
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results suggest that microbes living in the Yunohama hot spring
(possibly Betaproteobacteria) express specific ribonucleases that
can digest specific tRNAs by distinguishing the tRNA types.

In eukaryotes, tRNA cleavage is known to be a conserved re-
sponse to some stresses (56), and several studies have reported
position-specific tRNA degradation in some types of human cells
(11, 28) and in yeast (8, 57). However, the knowledge of bacterial
tRNA degradation still is limited. In this study, more than 8,000
putative bacterial tRNAs and more than 2,000 fragments of them
in the environment were analyzed, and the results suggest that this
tRNA fragmentation was not the consequence of nonspecific deg-
radation. Because certain sSRNAs are reported to occur in specific
environments (50), many of the fragmented tRNAs isolated in the
current study may have been induced by environmental factors,
like heat or metal ions. Although the present study may be one of
the earliest steps toward defining the unique characteristics of
sRNAs in environments, further analyses are required to reveal the
possible role(s) of these SRNAs in microbes. To this end, it should
be very useful to collect as many sSRNA samples as possible from
various microbial habitats.
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